2001 12



2001 12



2001 12
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(1) (6)

(Shot Ball)

, 0.13 0.16mm

SUP9
- 68kgf/ cm?



A ,-3 , -5 , -70 - 100
20 cycle sec
da/ dN
A K ,
m C

SUP9
©)7)

R=0.05

(+)

AK



2.1

1920
1940 ,

(shot ball)
(hammering) . Fig. 1

(plastic deformation)

=g5x20

Fig. 1 Principle of controlled shot peening



Fig. 2
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(ki )
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(kg dmn” |
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S0

0.1 05mm

0.3 0.4 0.5
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Fig. 2 Distribution of residual stress on surface layer

08mm



(4)

(work hardening)

(work softening)

, CNC
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Fig. 3 The structure of shot peening machine



3.1
(LEFM : linear elastic fracture
mechanics)
(9)_
2a o
r
dx, dy Ox» Oy Txy Fig. 4
(10)
Y - ) ing .sind
Oy = > 0S5 [1 sin sm26]
SN - U ) A N
oy TR [1+ sin > csins 0] (1)
= ol & sinl . cos 3
Ty = o SinD -+ cos— -« cos 1%

M ode (@D =20
o o, = o\ 5 Fig. 5
K 1(11)
K 1 = (7\/ ﬂ’a """" (2)



(1)




K1

p

(3)

)

*

2r,

(Fig. 6).

1 2

27 gﬁs

KZ

K1

(plane stress)

1
- lane stress
o dzys (p )



Fig. 6 Plastic zone at the crack tip

Q) (2)

Ka = ofala+ 2 (K21 == 7)

o/ 1a

[1- 5 (/)™

Kgr =
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3.2

1960 ,
Liu da/dN = Ba Frost Dugdale
d(2a)/dN = Const M cEvily d(2a)/dN = f(ay)
, lrwin K
Parameter K
Kmaxy Kminy AK Km
K
(N) K :
Kmax1 Kminy
AK(: Kmax - Kmin) Km{: El(Kmax + Kmin)}

da/dN = f,(JK , R)
da/dN = f,(K e » R) e

da/dN = f4(AK , K max)

R (stress ratio)
2a :
f, (i=1,2,3)
g -
N
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da/dN K

K )
K da/dN
, da/dN
3
log 4K log (da/ dN)
da/dN = C(AK)"
, C m
K
AK )
. Paris  Erdogan (10)
da/dN = C(4K)*
, m 04 80 C

- 12 -

10°

10°

(14)

18

da/dN

(17)



3.3

General direction

Maxi tansil
of crack growth i Ty

15!.1‘13--:-5 direction

- i e ———
_ =lip hand 1 Hritile eleavage
exlrusion darmminated w
Stage | slri_alinns. foumnid E
; ~Elip plane crack muinly under =
\{ F corrosion fatigue it
/ condilions =
\{I \ _Cleavage cracks . igemeral fracture E
i ~ Plane{ 100) } =
i \ o .\:,_. / _\/ 3 o Final :EL
¥ L -'x_ e A I B
L f Jl‘\k"‘{“it‘ﬁ’“\\ N
\ II % = f
| Combined alip \' y P]ash-:_;. X Fi -J
¥ plane and Y enclave) Y T
= cleavage cracks Y , i g i
£ — fmeel of duclile — Vi
= fractuar siristion . ;
g growing in & High qtralm i
- spacing and =ize $I'Far.d¢| shezion
B e hehavior
g length
o Bioge | Slage 1

intensity factor) K

Fig. 7

13 -

(stress




Fig. 5

m 05 08

(12)
da/ dN AK S
da/dN
ch
K max R
T8 (Ko 4K) = 15(R, K)
dN
K min O min - Om - O,
K max Omax Om + 0a
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34

CCT

{fmm Sevele)

da//dN

a_

Hegime H P i |
conbinuum Tutliima
Regime A mechanism | ]
non—cantinunm (striation growth) |
mechanism

Little influence of b
Large influoenee of [ pmicrs strueiuore i
| fmicro structure 2imean slress
2imean slress Alductile
dlenvirenment Environment ) )
A lenvironment i Regime €
static mode ~
[ ] mechanisms
| ™ [eleavage,
: ' intergranular

and fibrous)

Large influence of
|l imicre structure
2imean slress
JiLhickness liltle
& nfluence of

Threshald ) i
hreshol Fenvironment

M
vV E O Log scale

propagation rate da/dN with stress intensity tractor range 4K

_ AP (2 + a)
AK - B\/TN (1 _ a/)3/2 (0886 + 4640[ ------- (13)

- 13.320° + 14.720° - 5.6a%

al W, a/l W=>0.2
AK



a = 2al W, 2al W< 0.95

CT - CCT
CCT
AP
max |:)min (R >0)
/=90 (15)
P max (R =<0)
R AP = Poa - P da/ dN
AK R <0
AP = P ax

R<O R da/dN - 4K
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3.5

10" ® m/cycle

AK 4,

Kmax Kmax AK
() da/dN - &K
AK AK
. ASTM E647-81
da/ dN ‘
(12),(13),(16),(20)
R K
c = Ldk _ 1 Ay
— K da K ax da
_ 1 dKpin 1 dAK
K i da ~— 4K da
K C () K C
C>-0.08 mm *
Fig. 9
P max 10%

Aa > 0.50 mm

- 17 -

da/ dN

10" % m/cycle

H
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da/ dN

AK 4,

Intensity factor range AK

Load range AP,

10°

da/ dN

9

o A K}

~F lmctusl)

= nrl:_ YR
F o laverage)

AP
§  {ectual) E:
AP i AR
T F laverage) da

Crack length | almm)

TaiAk ) da

{avarage at A }

10" ° m/cycle 5
- AK
da/dN = 10" ®m/cycle 4K
C
(C=-1mm '), C 4K,
Aa
da/dN = 10°° 10" ® m/cycle
5x 10’
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K () Ky
AK 4

(fretting) . (fretting)
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4.1
SUP9
, Table 1 , Table 2
Table 1 Chemical composition of specimen(wt, %)
C Si Mn P S Cr
055 0.22 0.73 0.11 0.005 71
T able 2 Mechanical properties of specimen
Tensile Hardness (Hrs) . Reduction
h Elongation ;
Strengt after after (%) o 0area
(MPa) Quenching | Tempering (%)
1742 235 2.75 114 419
)
, Table 3
Fig. 10

- 20 -



® J @
!l'ﬂ Ee N Mo

o @ e @
108 0
' 'II _

(O O

a
o
o
o
H 1

Fig. 10 Fixture of specimen

T able 3 Conditions of Shot- peening

(milling)
11 (@

(14),(15)

Condition Shot - Peening
Impeller Dia 490 mm
Blades
Width /Q'ty 90mm/6 pcs
rpm 2200 r p.m
Shot- Ball Dia. 08 mm
Time 24 sec.
Arc Height
(Alman A - Stip) 0375 mm
Coverage 85 %
(CT) , 20mm
L-T ,

ASTM E647-93
(Wire cutting ED.M)

60° 0.1mm
, (0)

- 21 -
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T
<>
@
i i
2-213
0
i =
Pra-crack NP [l Jf =
& | &
Q T LI—-!
o
™l
Lt |
1 1
W=51 J.12.8 | L
63.5

(b)
Fig. 10 Configuration of CT - specimen
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Fig. 11 (CT) , 20mm
, L-T ,
ASTM E647-93(1993) ,
(wire cutting E.DM)
60° 0.1Imm

#1200 , 25
ASTM (1993) E647-93 3mm

(18)
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4.2

Fig. 11 Fig. 12
(INSTRON 8501, 100KN) ,
COD
compliance , Fig. 13
(SEM) W

LT ]

INSTRON
8501

Zontral panel

1 Actuator
Computer
COD- Gauge Load cell Chamber (Low temperature)
Liquid nitrogen bomb Nitrogen gas bomb CT - Spcimen

Fig. 11 Schematic diagram of low temperature fatigue testing machine
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Fig. 13 General view scanning electron microscope (model S-2570)
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43

431
X-
(RIGAKU - MSF2M) ,
10 20um Table 4
X (5)
Table 4 Measuring condition of residual stress
X-Ray Diffration Condition
T aget Cr-V
X-Ray Voltage 30 KV
Source
Current 10 mA
b4 0° ,15° ,30° 45°
20 140° 170°
Diffration Scintillation Counter
432
20Hz,
5MPa
+1 R=0.05 20Hz, 25 -30 ,
-50 , -70 , -100 we)

- 26 -



Knax = Knin (Knpin  0)
AK = (1)
K max (K min < 0)
R = K min / K max ( 2 )
R A K
, Paris
(Paris and Erdogan, 1963)
da/dN:C(AK)m (3)
] C m
A K
ASTM (1997) E647-95a A K
K -
A K (13).(15),(19)
Cg = _AlK . % > 008 mm-l ( 4 )
da/ dN A a< 05mm
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5.1 Shot peening

Fig. 15 - 68kg/ cm?
SUP9  Unpeened Shot peening CT
R=0.05 25 (RT), -30 , -50 , -70
- 100 da/ dN
A K
A K da/ dN

: Fig. 15 @), ()
Unpeened Shot peening
Shot peening Unpeened

( 1 )
A Ko

Unpeened

- 28 -



Fatigue crack growth rate, dasNimmicycle)

L - T Onentation
Stress Ratio . R =005
Shot Peening

(&) Shot peening

= e %c
r ll‘i &
[ iy
- me 7V,
* iy *
[ oy S
i " avs 25°C (RT)
L Lol e -30°C
LR S50°C
He - 70°C
i me &7 100°C
M M 1 i
B 8 10 20
Stress intensity factor range, Ak {MPam'™)

40



L - T Crientation
Stress Ratio : R = 005
1E-4 |- Unpeenad
i I A
i
2 | X
=
E |
% L ,.;,,"'"1.‘
i
[ 1) -
.
@ | "i :
B 2V
< @ :
: v g
T ES | Ty 20 .:
] i e L -
® I o ¥y *
o - s §
& | l-f L B
= L™ ¥ :
L B sk ¥
=] [ ] &+
o | Y *
* i v . 5
L iy O, & 500
LA B 3 A E0C
Bohy v FOC
L] - I¥
- . Ay ¢ * -100°C
1E-8 - - ! -
G ] 10 20 40

Slrass intensily factor rangs, a8 MPam'™)
(b) Unpeened

Fig. 15 Relations between fatigue crack growth rate and stress

intensity factor range
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5.2
Fig. 16, 17, 18, 19, 20 :

SUP9 -68kg/ cm’
R=005 (25 )-30 ,-50 ,-70
-100
da/ dN A K
Shot peening 25
da/ dN= 4x 10° mm/cycle
, -30 da/ N> 3x 10° mm/cycle, -50
da/ dN= 2x 10° mm/cycle, -70 da/ N> 1x 10°
mm/cycle, - 100 da/ dN= 9x 10°° mm/cycle
Shot peening Unpeened 2
da/ dN
A Kin
Fig. 16, 17, 18, 19, 20 8MPav m
122Mpav m
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L - T Orentation
1B |- Stress Rabo R = 005
23 CRT)
¥
[x]
] rd
= g
3 &
| ]
K P
o "’
i &
=
= 1E-5
m - - L]
L. N [
) .
2 ol
@ e
= "e
]

I.!E [ ]

s

=-a | Shat pesnang

n® & Unpeenad

L

1E-B L L I i
B 3 10 20 40

Stross intensity factor ranges, AS(MPa m'™)

Fig 16. Relations between fatigue crack growth rate and stress

intensity factor range(25 )
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i L= T Crientation
Stress Ratic - R =005
-30°C
10%
@ L
] L
& I
£ ;
= | &
% -
= i -y
g | &
©
= Je’
&
= T = "
=2 - -;"
o L
=] 3 s
o L e
o e
w I m
= L e
o L .
% i e B Shot peening
L LI ® Unpeened
. L
L .,
1U'5 M " | i

<] ] 10 20 43

Stress intensity factor range, Ak (MPa m'™)

Fig 17. Relations between fatigue crack growth rate and stress

intensity factor range(-30 )

- 33 -



Fatigue crack growth rate, dasNimmicycle)

L - T Crientation
Stress Rato . R =0.05

-50°C

§
s

B Shot peening
"o . Unpeenad

i L 1 "

Fig 18. Reations between fatigue crack growth

<] ] 10 20

Stress intensity factor range, Ak (MPa m'™)

intensity factor range(-50 )
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L - T Crientation
Stress Ratio: R=0.05
=0vC
107 |-
T
=
u -
E ~
E i \,"
“;—E L -
3 i
= "'.P
o
. I
z
= 5| ]
5 107 | =
5 .o
] | e
o | uy
) ]
= e B Shot peening
LE .l: & Unpeened
.
"
10* ; 2 L *
B B 10 20 A0

Stress intensity factor range, AR (MPa m'™ )

Fig 19. Reations between fatigue crack growth rate and stress

intensity factor range(-70 ).
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Fig 20.

53

Fatigue crack growth rate, dasNimmicycle)

Relations between fatigue crack growth rate and stress

L - T Qrientation
Stress Ratio . R =0.05
Shot Peening

i L 1 "

<] ] 10 20

Stress intensity factor range, Ak (MPa m'™)

intensity factor range(- 100 ).
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Fig. 21 - 68kg/ cm?

SUP9 25 - 100
AK
14
o
0
= . L - T Crientation
gl . Stress Ratio ' B = 0.05

5
o .

I ol

=

& .

]

= Ly .

= b =

Ty}

o

i & Unpeened

o & Shot peaning

(m

= B

0

u

i 1 i 1 i 1 i 1 i 1 i i i 1 i

¥ -100 -80 &0 -40) -20 o 20 40

Temperature(“C)

Fig. 21 Effect of Threshold stress intensity factor and temperature( )

Fig. 21 25 - 40 AK

-40 - 100
. -40

Table. 5
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Table 5 The value of fatigue crack growth threshold A K (Mpavm)

T mperature 25 -30 -50 -70 - 100
Sh.Ot 8.0 851 94 104 122
peening
Unpeened 85 9.1 100 11.7 126
54 C, m
2 da/dN -A K
, paris da/dN = C@A K)"
, m C Table b
, Fig. 22 Fig. 23 8,
Shot peening Unpeened 2
da/dN-A K , m
da/ dN ,

- 38 -



Table 5 Experimental constants by da/dN=C(A K)" for the fatigue

crack growth

A K Range da/ dN Range
Tem. m C
(MPav m) (mm/cycle)
1.131x 10 °< da/ dN
25 10.95< A K< 2091 2515 | 2.71x 108
< 5.701x 10°
8.762x 10 °< da/ dN
-30 1049< A K< 2151 2635|1.72x 10°®
< 5.721x 10°
Shot 50 11.01< A K < 23.06 7.051x 10 °< da/ dN .
. - . = 4o, 2.721|1.01x 10
peening < 6.022x 10°
6.351x 10 °< da/ dN
-70 11.82< A K< 21.37 3.00113.02x 10°
< 5.031x 10°
6.923x 10 °< da/ dN
-100 1292< A K< 20.19 342115.12x 10
< 3.36% 10°
2.801x 10 °< da/ dN
25 1595< A K< 2151 2631(181x 10°®
< 5443% 10°
5.362x 10 °< da/ dN .
-30 10.01< A K< 23.21 2.761|9.42x 10
< 5.702x 10°
3.821x 10 °< da/ dN "
Unpeened -50 1041< A K< 249 2931 |5.09x 10
< 6.667x 10°
8.513x 10 °< da/ dN .
-70 13.34< A K< 24.65 3.223 | 2.01x 10
< 5.872x 10°
8.351x 10 °< da/ dN 10
-100 15.32< A K< 25.46 3.743 |13.05x 10
< 6.332x 10°
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38k

L = T Orentation
Stress Ratio - R = 0.05

E 26 Shot Peening

5

E34F -

&

i

£ 32 b,

=

o

o

= 30| u #— Shot peening

m » & Unpeensad

]

Lzat

o

—~] [ ]

-:Ilj

26 &

.
24 | 1 i 1 I | l i [ i 1
-100 -B0 -50 -40 =20 4] 20
Temperaturs(c)
Fig. 22 Relation between fatigue crack growth exponent m

and Temperature( )
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-7
L 3 L - T Onentation
E Stress Ratio - R = 0.05
oy i | ]
g L
£ 10 F B -
i :
= L .
(=] F
4] L =
g - .
L]
= 10}
F =— Shot Peening
r o #— Unpaened
L - ;
1u'|:' | L 1 L | L | " | L | L | 1
-100 =80 -50 -40 -20 0 20 40

Tamperalure™c)

Fig. 23 Relation between material constant C and Temperature( )



5.5

Fig. 23
Fig. 23
. Shot peening
(25 ) 1.32x 10° Cycle, -30 97x 10° Cycle, -50

79x 10° Cycle, -70 6.3x 10° Cycle, -100 57x 10°
Cycle . Unpeened (2
5 ) 9.2x 10° Cycle, -30 7.3x 10° Cycle, -50 6.3x 10°
Cycle, -70 56x 10° Cycle, -100 5.0x 10° Cycle

(25 ) - 100
Shot peening Unpeened

, Shot penning Unpeened

Shot penning Unpeened
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Crack length, a (mm)

32 -
L-T Grientation > ‘:" .J
Stress Ratio: R=0.05 ‘A::’ -
30 Shot Peening o
28
26 |
24 |- . m  25°C{(RT)
’-‘é*.- e -30°C
22 b II " A -50°C
7 v -70°C
gl X -100°C
ol A
13 r L F g a5 sl i i TR T R A | L
10 10° 10°

Mumber of cycle

(a)Shot peening
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32+ Y
L L-T Orientation gﬁv.:'."
Stress Ratio : R = 0.03 '-{
i Unpeenad
E
E I8 |
[12]
s 26k
o=
S 25°C(RT) |
— 2| ¥
g | _,v;.-:i. -30°C
O 22 L i -30°C
r‘l'ill v -70°C
20 J}"'. -100°C
18 F) L s auul L L 5 a4yl L L
10 10° 10

Mumber of cycle, N

(b) Unpeened

Fig. 23 Relations between Crack length and number of Cycle

- 44 -



5.6

Fig. 24, 25, 26, 27, 28 SUP9 25
-30 , -50 , -70 - 100 , Shot penning
Unpeened K- ,
2
(striation) ,

- 1

1

(a) Shot peening, A K=16 MPaVv m  (b) Unpeened, A K=16 MpaV m
Fig. 24 Fractograph of fatigue crack growth surface at 25 (RT)
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(a) Shot peening, A K=16 MPaVv m  (b) Unpeened, A K=16 MpaV m
Fig. 25 Fractograph of fatigue crack growth surface at -30

(a) Shot peening, A K=16 MPaV m  (b) Unpeened, A K=16 MpaV m
Fig. 26 Fractograph of fatigue crack growth surface at -50
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(@) Shot peening, A K=16 MPav m  (b) Unpeened, A K=16 MpaVv m
Fig. 27 Fractograph of fatigue crack growth surface at -70

(a) Shot peening, A K=16 MPaVy m  (b) Unpeened, A K=16 MpaV m
Fig. 28 Fractograph of fatigue crack growth surface at - 100
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SUP9 - 69k g/cm?
R=005 25 , -30 , -50 , -70 - 100
1. 25 da/ dN -
A K 4x 10°’mm/ cycle - 100

9x 10 ‘mm/cycle

2. 25 -40
-40
-40 -50
3. Shot peening 25 -100
A Kw=8 122MPav m Unpeened

A Kin=85 126MPavm

4. Unpeened
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A Study of the Spring Steel processed Shot
Peening on the Low Temperature
Fatigue Crack Propagation

Sang-oh Park

Dept. of Precision Mechanical Engineering,
Graduate School of Pukyong National University.

Abstract

Shot peening is a method that small steel balls. called "shot balls".
are shot in high speed on the surface of metal. When the shot balls
hit the surface. They make plastic deformation and bounce off.
Which decrease the fatigue strength by getting residual compressive
stress on the surface.

In this study, CT specimens were prepared from spring
steel (SUP9) processed shot peening which was room temperature,
low temperature and high temperature experiment. And we got the
following characteristics from fatigue crack growth test carried out
in the environment of room, low temperature and high temperature
a2 ,-30 ,-50 ,-70 and -100 in the range of stress ratio
of 0.05 by means of opening mode displacement. The threshold
stress intensity factor range A Kuw in the early stage of fatigue
crack growth (Region ) and stress intensity factor range A K in

the stable of fatigue crack growth (Region ) was decreased in

- b1 -



proportion to descend temperature. It assumed that the fatigue
resistance characteristics and fracture strength at low temperature
and high temperature is considerable higher than that of room

temperature in the early stage and stable of fatigue crack growth

region.

Key words : Shot Peening( ), Residual Stress( )s
Low Temperature( ), Fatigue Crack Propagation( ), Stress
Ratio( ), Fatigue( ), Cryogenic-Brittleness( )
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Nomenclature

da/dN : Fatigue crack growth rate

K : Stress intensity factor

A K : Stress intensity factor range
AP : Load range

R . Stress ratio

Kmax : Maximum Stress intensity factor
Kmin : Minimum Stress intensity factor
C . Material constant

m : Fatigue crack growth exponent

a/ W : Crack length of width ratio

By E % : Compliance

Ber : Effective specimen thickness
Bree : Net thickness

E' . Elastic modulus of meterial

Crack opening displacement (COD)
P : Load on specimen

G : Normalized K - gradient
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